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Developmental mechanisms can evolve evenwhen the trait they produce
does not, and the nematode vulva has become a model organ for
detecting such ‘developmental system drift’. A new study reveals what
may be the very earliest stages of this process by experimentally
modifying key vulval signaling pathways in different species of
Caenorhabditis, and carefully quantifying the results.Eric S. Haag1 and John R. True2
The most obvious goal of
evolutionary developmental
biology is to identify the specific
genes and pathways that are
modified during the evolution
of novel phenotypes. But another
is to characterize the evolution of
development per se, even when
there is no phenotypic novelty to be
explained. We coined the phrase
‘developmental system drift’ (DSD)
to refer to the evolution
of development in the absence
of phenotypic change [1]. An
important inspiration was the
demonstration that the nematode
vulva, which mediates egg-laying
and internal fertilization, is
constructed with surprisingly
distinct signals and responses
in Caenorhabditis elegans and
a distant relative, Pristionchus
pacificus (for example, [2,3]).
In a recent issue ofCurrent Biology,Marie-Anne Fe´lix [4] showed that
in even the closest relatives of
C. elegans, whose vulvae are
essentially identical,
organogenesis has diverged
quantitatively from the ‘model’
species, in that conserved
signaling pathways differ in their
relative importance during vulval
induction.
Vulva development in C. elegans
requires coordinated inputs from
the EGF/Ras, Notch, and Wnt
signaling pathways. An EGF signal
encoded by lin-3 emanates from
the anchor cell to induce different
fates in a dose-dependent manner
in presumptive vulval precursors,
known as the PN.p cells. The cell
receiving the highest LIN-3 dose,
P6.p, assumes the central, 1 fate,
and its descendants go on to form
the opening linking the uterus and
exterior. Once specified, P6.p
expresses Notch ligands that
induce the 2 fate – and preventadoption of the 1 fate – in its
neighbors, P5.p and P7.p [5]. Wnt
signals act redundantly with lin-3
[6]. Focusing on C. briggsae, Fe´lix
first used gonad and anchor-cell
ablation, Cb-lin-3 RNAi
knockdown, and a Ras-induced
transgene reporter to confirm that
the lin-3 signal and Ras response
are conserved. Lateral inhibition
by Notch is also conserved:
knockdown of C. briggsae
LIN-12/Notch allows both P5.p
and P6.p to adopt 1 fates, and
in gonad-ablated animals that
globally overexpress lin-3,
multiple 1-fated cells tend to arise
alternately among the vulval
precursors.
Despite the conservation of
signaling pathways described
above, precise surgical and genetic
manipulations of signaling revealed
abundant cryptic variation.
Ablation of the anchor cell soon
after its birth, which Fe´lix
performed a whopping 1411 times
in all available Caenorhabditis
species, produced remarkably
diverse outcomes. Depending on
the species, P6.p can adopt 1, 2,
or 3 fate (Figure 1A). Interestingly,
P5.p and P7.p, if induced at all
under these conditions, still adopt
2 fate in all cases, suggesting that
a main variable is how much
induction is required to produce
the 1 fate in P6.p. In C. remanei,
Dispatch
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to adopt the fate pattern 232.
This odd pattern could be
explained by a scenario in which
P5.p and P7.p depend primarily on
lateral signaling from P6.p to
adopt the 2 fate, which is initiated
with a much lower lin-3 signal
than that required to commit
P6.p to the 1 fate. Consistent
with this idea, simultaneous
ablation of the anchor cell and
P6.p greatly reduced the
proportion of 2 fates adopted by
P5/7.p.
A similarly divergent response
is seen when excess LIN-3 is
expressed in the anchor cell.
In C. elegans, this expands the
number of PN.p cells that adopt
vulval fates from 3 to 5, but due to
lateral inhibition by Notch
signaling, only P6.p adopts the
primary fate. In C. briggsae,
overexpressing its lin-3 homolog
also expands the number of cells
adopting the vulval fate, but
adjacent PN.p cells adopt the 1
fate. Placing theCb-lin-3 transgene
in C. elegans produces the
C. elegans response, indicating
that lin-3 itself is not the important
variable. The different outcomes
suggest that lateral signaling,
though conserved in C. briggsae, is
relatively weak. Supporting this,
a reporter of Notch signaling,
lip-1::GFP, which is expressed
in the two 2 cells (P5/7.p) in
C. elegans, is expressed in
roughly equal levels in C. briggsae
P5-7.p.
The above results lead to
a hypothesis that the different
responses to anchor cell ablation
seen across Caenorhabditis
species are due to cryptic,
quantitative variation in the relative
strength of the conserved signals
that pattern the vulva (Figure 1B).
As an elegant confirmation of this
hypothesis, Fe´lix examined strains
of C. elegans with weakly modified
levels of EGF, Notch, and Wnt
signaling that have silent or nearly
silent phenotypes in intact animals.
When anchor cell ablations were
performed in these strains, they,
too, produce a wide variety of P6.p
fates not seen in wild-type animals,
and several strains mimic the
behavior of non-elegans species.
This study and a few others — for
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Figure 1. Quantitative variation in vulval signaling underlies distinct responses to an-
chor-cell ablation in Caenorhabditis species.
(A) Phylogenetic relationships of Caenorhabditis species and the response of P6.p to
anchor-cell ablation. Purple symbol for C. japonica indicates approximately equivalent
tendencies toward 1 and 2 fates following anchor-cell ablation. Gray symbol for
C. sp. 5 strain SB378 indicates no strong tendency toward a particular P6.p fate follow-
ing anchor-cell ablation. (B) Hypothesized changes in signaling pathways in the
C. elegans/C. remanei/C. briggsae clade (green lineages in A). Thickness of arrows
indicates relative strengths of signals. Underlined 3 fate for C. remanei P6.p indicates
strong tendency toward 3 fate in this species upon anchor-cell (AC) ablation, puta-
tively due to a lower level of Delta expression required for induction of Notch signaling
versus P6.p fate specification.within Pristionchus and another
nematode genus, Oscheius
[7] — together with deeper
phylogenetic comparisons
produce a satisfying picture of
how DSD proceeds.
The obvious question arising
from the above observations is,
why the variation? Felix suggests
three possibilities. First, what’s
seen here may be truly neutral
variation. A neutral or nearly neutral
mutation fixed by drift may then
bias the fixation of new mutations
towards those that compensate for
any effects of the first. If this occurs
in other components of the same
pathway, restricted molecular
evolution occurs, whereas
compensation in a different
pathway would produce the sort ofsignal-strength variation observed
by Fe´lix. A variant on this, termed
pseudocompensation [8], involves
an initial mutation that actually
reinforces the fidelity of a signaling
system, which then allows some
degradation to evolve later.
A second possibility might be that
the diverse range of environments
inhabited by Caenorhabditis
[9–11], combined with strong
stabilizing selection to maintain
a constant vulval morphology,
requires slightly different network
‘settings’ for a canalized outcome.
This possibility cannot be ruled out,
but there are some reasons for
doubt. For example, though
C. briggsae lives in both tropical
and temperate zones [9], strains
from different climates behave
Object Recognition: Similar Visual
Strategies of Birds and Mammals
Behavioral testing has revealed that pigeons may use the same visual
information sources as humans to discriminate between three-
dimensional shapes.
Kristina J. Nielsen1
and Gregor Rainer2
The lineages that eventually
led to birds and primates evolved
independently from a common
ancestor which lived about 300
million years ago. Since that time,
birds and primates have been
shaped by different environmental
pressures, as a consequence of
which their brains show some
similarities in their basic design,
but also pronounced differences
[1,2]. Vision is a key sense both
for primates and birds, and both
species use it for similar purposes,
such as locating and identifying
objects. Given that the two species
have evolved independently, do
they nonetheless solve visual tasks
in the same way?
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More generally, no trend is
apparent in the placement of
different species in the ternary
plots of anchor cell ablation data
across the genus. Of course, this
may change as we learn more
about Caenorhabditis
biogeography and take into
account the growing evidence for
human influence on nematode
distributions [12].
The third idea, and the one we
favor, is that the involvement of
Ras/EGF, Notch, and Wnt signaling
in many other aspects of
development, some of which are
under selection, forces the vulval
program to be constantly adjusted
to accommodate this pleiotropy.
Recent theoretical work suggests
that such a combination of
stabilizing and directional selection
greatly speeds DSD [13]. We also
find the idea appealing because
of the great number of such
pleiotropies involved. For example,
in post-embryonic development
alone, lin-3/Ras signaling is used
in chemosensation, immune
function, development of the
excretory duct (which varies
in position and development
between C. elegans and
C. briggsae [14]), neuroectoblast
fate, axon guidance, male spicule
development, and meiotic cell
cycle progression [15]. Notch [16]
and Wnt [17] signaling are similarly
promiscuous.
What next? To address the
canalization idea, the short lifespan
and simple culture of
Caenorhabditis suggests an
experimental-evolution approach.
In such a strategy, a genetic
or environmental condition that
challenges one or more signaling
pathways is maintained for many
generations, after which
quantitative shifts in the response
to anchor-cell ablation may occur.
Given its relatively high genetic
polymorphism [18],C. remaneimay
be the appropriate system for such
a study. To investigate the
pleiotropy idea, one could perform
a similar experimental evolution
scheme, with divergent
environments specifically chosen
to provide the required mix
of stabilizing and directional
selection. Alternatively,
examination of genetic correlationsbetween vulval development and
other traits utilizing the same
pathways could provide evidence
for this dynamic. The recent
emergence of a robust community
of evolutionists studying
Caenorhabditis [19] suggests that
progress will be rapid.
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